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The possibility of the thermophoretic control of the plasma-grown building units in the
plasma-assisted deposition of various carbon-based nanostructures on Ni-based catalyzed Si
substrates is reported. It is experimentally demonstrated that varying the near-substrate temperature
gradient, one can selectively deposit or levitate the carbon-based nanoparticles grown in the
low-temperature reactive plasmas of Ar+H2+CH4 gas mixtures. When the nanoparticles are
levitated in the plasma presheath, the arrays of vertically aligned carbon nanotips are assembled,
whereas the enhanced deposition of the building units from the gas phase favors the formation of
polymorphous nanostructured carbon films. The experimental observations are supported by the
one-dimensional model of the nanoparticle dynamics in the near-electrode area. It is shown that the
thermophoretic force is indeed a crucial factor that controls the deposition of the plasma-grown fine
particles. The experimental and computation results suggest that it is likely that the aligned carbon
nanotip structures are predominantly grown by the molecular or radical units, whereas the
plasma-grown nanoparticles are presumably the most important component of polymorphous carbon
films. © 2004 American Institute of Physics. [DOI: 10.1063/1.1791761]
I. INTRODUCTION
The understanding of the assembly mechanisms of the
nanostructured matter involving various global pathways,
specific scenarios, and building blocks is the challenge of the
modern nanoscience. The control of the generation and as-
sembly of the building blocks into the nanofilms/
nanostructures remains a vital demand for the development
of the relevant nanofabrication processes. For example, in
the neutral and ionized chemically active environments of
chemical vapor deposition (CVD) systems commonly used
for the fabrication of a wide variety of nanosized films and
objects, the building blocks can be formed either in the gas
phase or on the solid (deposition) surface. These include but
are not limited to saturated and unsaturated neutral mol-
ecules and radicals, positive and negative ionic species, and
supramolecular matter in the form of atomic/molecular clus-
ters and larger nanoparticulate grains and aggregates.1 It is
thus crucial to find ways to identify and control the main
building units both in the ionized gas phase and on the sur-
face.
The answer to this seemingly simple question may not
necessarily be the same in the different processes and oper-
ating parameter ranges. Here, we attempt to provide the ex-
perimental evidence supported by the numerical modeling
indicating on the possible role of the plasma-grown nanopar-
ticles in the plasma-enhanced CVD (PECVD) of the nano-
structured carbon-based films grown in the low-pressure rf
plasmas of CH4+H2+Ar gas mixture on the conventionally
used nickel-catalyzed silicon substrates.
It has recently been noticed that such a reactive plasma
system is prone to nanometer sized carbon-based particles
that grow and self-organize in the plasma reactor’s
volume.2,3 Remarkably, the nanoparticle (NP) growth pro-
cess proceeds much faster when the abundance of the acety-
lene sC2H2d monomers and the input power density exceed
certain threshold values. 4 Hence, it becomes clear that the
NPs can also be synthesized in the ionized gas phase and can
certainly affect the self-assembly processes of the carbon
nanostructures (CNSs). However, the actual role of the
plasma-grown NPs still remains a puzzle. Indeed, should the
NPs be regarded as deleterious contaminants that compro-
mise the film quality or can they act as instrumental building
blocks for the nanoassembly processes in question?
On the other hand, the issue of the deposition of the solid
micronsized and nanosized grains using the reactive complex
(also termed dusty) plasma systems has already been dis-
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cussed. The key factor in this regard is the balance of forces
[gravity, electrostatic, ion, and neutral drag, etc., (Ref. 5)]
that controls the grain dynamics in the plasma-surface tran-
sition areas.6,7 However, most of the existing reports are re-
lated to the silane-based discharge systems10 widely used in
the fabrication of amorphous silicon solar cells.8,9,11–13
Additional external (e.g., from underneath the substrate
holder) heating of Ni-based catalyzed substrates is one of the
common requirements for the PECVD of most of the carbon-
based nanostructures.14 Most recently, a different CNS
growth scheme that relies on the substrate heating by the hot
gas in the chamber and the impinging ions has been
proposed.15 The two regimes produce two remarkably differ-
ent types of structures. Specifically, in the external heating
regime (also termed the fixed temperature growth regime),
the ordered arrays of vertically aligned carbon nanotiplike
structures with no clear traces of particulate agglomerates on
the surface have been fabricated.16
Conversely, in the absence of any external substrate
heating, numerous irregular-shaped nanoparticle agglomer-
ates dispersed over large surface areas have been observed.15
Given the small (in a few tens of nanometers range) size of
the NPs and the fact that the only difference in the operating
conditions of the experiments15,16 was in the temperature
gradient, it is reasonable to presume that the thermophoretic
force17 can be an important control factor in the deposition of
the nanostructured carbon-based films in the low-pressure rf
plasmas of Ar+H2+CH4 gas mixtures.
To verify the above hypothesis, we have developed a
dedicated experiment wherein the heating power supplied to
the catalyzed substrate was gradually changing from zero (no
external heating, as in Ref. 15) to the maximum value used
in the experiments with the fixed substrate temperatures.16
In this paper, we demonstrate that the carbon-based
nanostructures can be grown in the hydrocarbon-based low-
pressure plasmas in the nanoparticle-generating regime (fea-
turing elevated rf power densities and concentrations of
C2H2 monomers), similar to what has previously been re-
ported for the silane-based plasmas. We also show the pos-
sibility of the thermophoretic control of the dynamics and
fall through of the plasma-grown NPs in the near-substrate
areas by adjusting the external substrate heating, and hence,
the near-surface temperature gradient. The experimental
findings are supported by the numerical simulations, which
advance the existing models 18,19 of the dust dynamics in the
plasma sheath into the nanometer grain size domain and ac-
count for the NP inertia effects and the thermophoretic force.
The latter has been previously reported as one of the major
driving forces of the nanosized dust grains in silane-based
plasma discharges.9 The CNSs in question target the device-
grade nanofilm applications in the future photonic and nano-
electronic devices.
II. EXPERIMENT
The CNS growth experiments were performed in the
low-frequency inductively coupled plasma reactor described
in detail elsewhere 20 on ,20–40 nm thick Ni-based catalyst
layers sputter-deposited on lightly doped silicon substrates.
The key focus of the experimental part of this work is to
relate different substrate heating conditions to the growth of
different carbon nanostructures in or without the presence of
the plasma-nucleated carbon nanoparticles. The experiments
also aim to verify the numerical model of Sec. III that sug-
gests the possibility of thermophoretic control of the NP dy-
namics in the near-surface areas of nanostructured substrates.
A. Experimental details and diagnostic equipment
A schematic diagram of the low-frequency inductively
coupled plasma reactor used in the PECVD of CNSs is
shown in Fig. 1. The catalyzed substrates were placed on the
substrate holder with the top surface centered approximately
in the axial midplane of the reactor chamber, as shown in
Fig. 1. The discharge was sustained with <2.0 kW rf power
(which corresponds to the input power densities of
0.09–0.11 W/cm3 in the reactor volume) in low-pressure
gas mixtures of argon, hydrogen, and methane. The operating
gases Ar, H2, and CH4 were introduced (with the flow rates
35, 35, and 100 SCCM (SCCM—cubic centimeter per
minute at STP), respectively) into the chamber sequentially
to perform the substrate and wall conditioning (40 min in
pure Ar), catalyst layer activation through the etching in the
Ar+H2 discharge s20 mind, followed by the methane inlet
and the actual deposition process s40 mind. During the depo-
sition stage the substrates were biased with a dc potential of
Vs=−80 V. The working pressure in the Ar+H2+CH4 gas
mixture was maintained within the range 6–7 Pa. The sub-
strate heating was controlled by the ac voltage Vheat
=0–70 V supplied to the internal heating element (built in
the substrate holder) through a variable transformer. The sub-
strate temperatures were measured by a thermocouple in-
serted from underneath into the substrate stage as shown in
Fig. 1. A K-type thermocouple, with stainless steel shielding,
operation temperature ranging from −40 to +1100°C, toler-
ance not exceeding 1.5°C, and designed for low-pressure
measurements, was used for this purpose. The insulated tip
of the thermocouple was brought into contact with the
sample-supporting surface of the substrate stage.
The variation of the partial pressures of the neutrals with
the input parameters has been measured by a Microvision
Plus LP101009 Quadrupole Mass Spectrometer equipped
with a Faraday cup detector. The optical emission from the
plasma glow has been collected in the radial direction using
a collimated optical probe. The emission was further trans-
mitted via an optical fiber to a SpectroPro-750 spectrometer
FIG. 1. Schematic diagram of the low-frequency inductively coupled
plasma source equipped with the heatable substrate stage and plasma diag-
nostic tools.
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(Acton Research Corporation) with the spectral resolution of
0.023 nm. The optical emission spectra of the excited neutral
and ionized species have been investigated in the wavelength
range 350–650 nm. The details of the optical emission spec-
tra during the process of CNS deposition can be found
elsewhere.21 The surface morphology of the nanostructured
carbon-based films was investigated by JEOL field-emission
scanning electron microscope. For further details of the
plasma diagnostics and nanofilm characterization the reader
can refer to the earlier works of our group.15,16
B. Experimental results
The results of the scanning electron microscopy (SEM)
shown in Fig. 2 clearly reveal the remarkable changes in the
surface morphology of the carbon nanofilms with the varia-
tion of the power supplied to the substrate heater. Specifi-
cally, at higher heater voltages, exceeding a certain threshold
value Vthr, the ordered arrays of vertically aligned carbon
nanotip structures were grown. A typical image of the CNSs
grown under heater voltages exceeding Vthr, is shown in Fig.
2(a). For simplicity, we will term this type of the surface
morphology as the “ordered nanostructured state.” It is no-
table that the threshold heater voltage Vthr has consistently
remained within the range of 20–30 V, showing an excellent
reproducibility of the process.
However, when Vheat was lowered to Vthr and below, the
resulting surface morphology rearranged significantly resem-
bling a (presumably amorphous15) matrix with the embedded
nanosized grains and particulate agglomerates. In the follow-
ing, we will refer to this state as the “disordered nanostruc-
tured state.” In particular, Fig. 2(b) reveals the possibility of
the nanoparticle fallout from the ionized gas phase. In this
case, no ordered nanostructure arrays present in Fig. 2(a) can
be observed. Apparently, the surface morphology transition
from the ordered to the disordered nanostructured state oc-
curs when the heater voltage reaches Vthr.
The variation of the substrate holder temperature during
the three stages of the PECVD process is depicted in Fig. 3.
It is seen that in both growth regimes (with and without any
additional substrate heating) after the rapid initial rise during
the substrate conditioning stage and slower increase during
the catalyst activation stage, the substrate temperature levels
off after a few minutes into the actual film deposition process
and remains stable, which indicates the establishment of the
quasistationary regime. As can be noted from Fig. 3, the
surface temperature in this experiment did not change sig-
nificantly under moderate values of the substrate heating
power. For example, the difference between the substrate
temperatures under conditions of the absence of any heating
and when the heating voltage was 20 V (equivalent to
,11 W heating power) did not exceed 20°C. We emphasize
that so small difference s,7%d in the substrate temperatures
is usually not sufficient to cause any significant changes in
the shape and ordering of carbon-based nanostructures.14 It is
remarkable that under the same conditions the plasma char-
acteristics also did not change when the substrate heating
was switched on and off, as suggested by fairly reproducible
optical emission spectra of the plasma discharge shown in
Fig. 4. A comparison of the optical emission spectroscopy
(OES) of the plasma discharge with and without external
FIG. 2. SEM images of the films grown in different temperature regimes:
(a) with the substrate heating (heating voltage and power are 30 V and
17 W, respectively); (b) without the substrate heating.
FIG. 3. Variation of the substrate temperature during different stages of the
CNS deposition process for the following parameters of the experiment:
heating voltage 20 V (dashed line) and no additional heating (solid line),
total pressure 50–55 mTorr, Pin,2 kW, and 35, 35, and 100 SCCM of Ar,
H2, and CH4 inlet, respectively. The substrate bias was −4, −40, and −80 V
during the conditioning, catalyst activation, and deposition stages,
respectively.
FIG. 4. Representative optical emission spectrum (a) and a relative differ-
ential of the two spectra I1− I2 / I1 (b) of the discharge during the deposition
stage for the same parameters as in Fig. 3. Here, I1 and I2 are the optical
emission intensities of the two spectra, with and without the external sub-
strate heating.
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substrate heating shows the absence of any preferential
growth of any specific spectral lines with respect to the oth-
ers. A differential of the amplitudes of the two spectra in the
two different conditions shows a systematic noise shown in
Fig. 4(b).
Furthermore, the composition of the charged and neutral
plasma species, reflected in the optical emission and mass
spectra also remained unaffected by the changes in Vheat. A
mass spectrum of the abundant gas species in the discharge is
shown in Fig. 5. One can notice a notable abundance of the
acetylenic monomer C2H2 (see the 26 amu peak in Fig. 5),
which is primarily responsible for the powder nucleation
process in argon-hydrocarbon plasmas.4 Amazingly, the in-
tensity of this peak remained invariable over the entire pro-
cess duration. It is thus likely that the powder generation
process is also unaffected by the variations in the substrate
heater voltage (and hence, the substrate temperature varia-
tions). In particular, in the case corresponding to the ordered
nanostructured state of Fig. 2(a), the nanoparticles homoge-
neously nucleated in the ionized gas phase presumably re-
main suspended in the plasma and are further transported to
the pump line.
Therefore, one can conclude that in the quasistationary
regime, under conditions of the modest changes in the sub-
strate heater voltage the temperature gradient changed, while
other important parameters such as the plasma characteris-
tics, gas pressure, species composition, substrate temperature
and dc bias voltage did not. The following arguments support
this assumption.
In this set of experiments, the substrate temperature is
controlled by the heating process due to the ion fluxes from
the plasma and cooling due to thermoconductivity through
the neutral gas. The thermoconductivity originates because
of the neutral gas temperature gradient „Tn between the sub-
strate stage and the cooler (cooled down through the thermal
fluxes onto the water-chilled double chamber walls) gas
above, and the corresponding thermal flux is proportional to
„Tn, where Tn is the neutral gas temperature. Hence, by us-
ing a temperature controller, one can stabilize the substrate
temperature but the inevitable variations of the gas tempera-
ture gradient still persist.
On the other hand, an additional internal heating element
produces a continuous additional upward heat flux emerging
from the substrate stage. In the stationary state, the above
heat flux is to be compensated by an additional flux due to
the thermoconductivity. Therefore, we arrive to the conclu-
sion that the additional substrate heating changes the gradi-
ent „Tn. Therefore, in addition to any gas temperature gra-
dient that exists in the absence of the external heating, one
has the additional gradient „Tn
add controlled by the power
applied to the internal heating element.
Thus, we can expect that if the additional temperature
gradient is small enough, the gas-phase grown nanoparticles
can reach the substrate surface and incorporate in the nano-
structured film, as is the case in the experiment of Fig. 2(b).
However, if „Tn
add is high enough, the thermophoretic force
(originating due to the gas temperature gradient) repels the
NPs back to the plasma bulk. The resulting nanostructures
resemble nanoneedles (nanotips) similar to what has been
reported earlier.15
The additional gas temperature gradient can be estimated
by assuming that the heat emerging from the substrate stage
is transported through the gas homogeneously in all direc-
tions:
„Tn
add
=
Pheat
a Sh
. s1d
Here Sh is the surface area of the substrate stage, Pheat is the
power applied to the internal heater, and a is the coefficient
of the thermoconductivity of the neutral gas mixture. In the
estimates, we have used the values close to the thermocon-
ductivity coefficient of argon, which is <a
=0.027 W/ sm°Cd at 230°C.22
It is thus likely that the thermophoretic force, originating
due to the near-substrate temperature gradients, can control
the nanopowder deposition in the PECVD of the nanostruc-
tured carbon-based films of our interest here. The numerical
modeling results of the following section further support this
argument.
III. NUMERICAL RESULTS
Here, we develop a simple numerical model of the nano-
particle dynamics in the near-substrate area of the discharge
in our experiments. It is commonly known that a negatively
charged NP has to overcome a strong electrostatic barrier
before it could be deposited on the plasma-facing solid sur-
face (see, e.g., Refs. 18 and 19 and references therein). How-
ever, if the particle can reach the area of a significant deple-
tion of the electron density (with respect to the density of the
positive ions), the charge on it can change the polarity and
the grain can be deposited onto the surface.18
Whether the grain can overcome the electrostatic barrier
and reach the charge reversal position critically depends on
the inertia the grain accumulated in the combined sheath-
presheath area as a result of the action of the major forces.
The dust particle is accelerated in the presheath area, and the
actual momentum accrual does depend on the presheath
width. Furthermore, there are large uncertainties in the defi-
nitions of the actual presheath widths, which can be compa-
rable with the plasma chamber dimensions.23 In our simula-
tions, this parameter was varied within the range of
0.5–3 cm.
In the computation, we have adopted a simple one-
dimensional model of the plasma medium that consists of the
plasma bulk sx,−lprd, presheath s−lpr,x,0d, and sheath
FIG. 5. QMS spectrum of the gas species in a 2 kW, 50 mTorr discharge in
Ar+H2+CH4 gas mixture and Vs=−80 V.
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s0,x, lsd regions. In the first region, the plasma is assumed
uniform with the zero electrostatic potential w throughout.
The width of and the potential distribution within the
presheath were preset externally, whereas ls was computed
using the basic set of equations and the appropriate boundary
conditions discussed below. The potential in the presheath
wsxd = wprsx + lprd2/lpr
2 s2d
is negative with respect to the plasma bulk and its distribu-
tion is chosen to be similar to the conventional case of the
free ion diffusion.24 Note that ws−lprd=0 and ]xws−lprd=0 at
the bulk-presheath edge. The value of the electrical potential
at the sheath-presheath edge wpr,0 is found using the Bohm
criterion.23 For the discharge of our interest here, uwpru
<Te /2, where Te is the electron temperature.
For simplicity, since the number density of argon ions is
much higher than that of other ion species under the prevail-
ing experimental conditions,21 only argon ions have been
considered in the computations. Assuming the positive ions
to be at rest in the plasma bulk, we have vi
= f−2ewsxd /mig1/2 for the ion velocity in the sheath-presheath
areas, where mi is the ion mass and e is the absolute value of
the electron charge. The above expression is valid for the
collisionless plasma sheaths, which is the case in our experi-
ments since li@ ls, where li is the mean free path of the
plasma ions. In both sheath and presheath areas, the electron
density was obtained from the Boltzmann distribution nesxd
=n0 expfewsxd /Teg, where n0 is the electron/ion number den-
sity in the plasma bulk. Neglecting the charge carried by the
test dust grains in the overall charge balance in the discharge,
the ion density in the presheath was calculated from the Pois-
son equation with the model potential profile (2).
On the other hand, the potential profile in the sheath has
been computed self-consistently using the continuity and
momentum equations for the positive ions, Boltzmann elec-
tron density distribution, and Poisson equation.18,19 Assum-
ing the electrostatic potential to be a smooth function of the
coordinate x at the sheath-presheath interface, and integrat-
ing the above set of equations (using a standard proce-
dure 24), one can obtain the following integral relation for the
potential distribution wsxd in the sheath:
E
wpr
wsxd
dw/sswd = E
0
x
dx , s3d
where
sswd = hsdw/dxdux=02 + s2en0/e0dfJeswd + Jiswdgj1/2,
Jeswd=Tefexpsew /Ted−1g, and Jiswd=2Eifs1−ew /Eid1/2−1g.
Here, Ei is the ion kinetic energy at the sheath-presheath
edge. The term sdw /dxdux=0
2 in Eq. (3) accounts for the effect
of the presheath on the potential distribution and width of the
sheath and reflects the continuity of the electrostatic potential
and electric field at the sheath-presheath interface.
The dynamics of a test NP in the near-electrode area has
been studied for the following parameters: n0=2
31011 cm−3, Te=2 eV, and dc bias voltage of Vs=−80 V
(with respect to the ground). The latter imposes the necessary
boundary condition wslsd=Vs+Vpl, where Vpl is the plasma
bulk potential with respect to the grounded chamber walls. In
our experiments with high-density plasmas Vpl, ±15 V.20
Knowledge of the number densities and fluid velocities of
the plasma electrons and ions enabled us to compute the
equilibrium charge as well as to study the forces acting on
the NP using the Orbit Motion Limited approximation.5 It
was assumed that the nanoparticle of a spherical shape takes
its origin in the plasma bulk and participates in the film
deposition process by moving through the sheath and
presheath areas. Furthermore, the temperature distribution
near the substrate has been modeled by a linear function of
the coordinate x, which is justified in the case of a constant
temperature conductivity of the operating gas in the near-
substrate region.
The total force driving the test nanoparticle through the
sheath can be expressed as
Ftot = Fel + Fmg + Fion
drag + Fneutr
drag + Ftherm, s4d
where the five terms in the right-hand side represent the elec-
trostatic, gravity, ion drag, neutral drag, and thermophoretic
forces, respectively. The expressions for the above forces and
the applicability limits are standard.5,17,18
The character of motion of the 10–50 nm in diameter
nanoparticle in the sheath and presheath areas appear to be
quite different. In the presheath, the ion drag and the ther-
mophoretic forces dominate, and the total force drives the
grain towards the substrate. We emphasize that the ion drag
and the thermophoretic forces act in the opposite directions,
whereas the net force on the nanoparticle is directed towards
the substrate. On the other hand, a strong repelling electro-
static force near the wall creates a potential barrier impeding
the NP deposition process. However, if, despite the strong
potential barrier the grain can reach the area of the significant
depletion of the electron density, the charge on it can reverse
the sign, which will enable the deposition.18
It is thus instrumental to get an insight into the distribu-
tion of the “potential energy” of the test particle defined as
Usxd = Usx0d − E
x0
x
Ftotsxddx s5d
in the near-substrate area, where x0=−lpr is the starting point
of the NP motion and Us−lprd=0 and it was assumed that the
particle motion is collisionless.
Equation (5) allows one to obtain the nanoparticle veloc-
ity vpsxd=˛−2Usxd /mp, at any position, where mp
=4/3prrp
3 is the mass of a spherical carbon NP with the
material density r and radius rp. We note that the areas with
positive values of the potential energy are unaccessible for
negatively charged dust grains. 18
Figure 6 shows the profiles of the potential energy of
NPs with different sizes in the sheath area in the case without
an external substrate heating. It is clearly seen that larger
s40–50 nmd particles have negative values of Usxd in the
entire sheath area (presheath is not shown in the plot) and
thus can travel smoothly towards the substrate. However,
smaller particles s10–20 nmd have to overcome a narrow
(,150–250 mm wide) potential barrier to be able to partici-
pate in the deposition process. Therefore, there exists a
J. Appl. Phys., Vol. 96, No. 8, 15 October 2004 Rutkevych et al. 4425
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threshold radius rp
thr of the nanoparticles that can be depos-
ited onto the surface. In this particular example, rp
thr
<24 nm.
The detailed investigation of the effect of the plasma and
deposition parameters has revealed that under the fixed sub-
strate bias, working gas pressure, and input rf power, the
conditions for the NP fall through the sheath-presheath area
are weakly affected by the uncertainties in the values (there
were no measurements of ne and Te made in this experiment)
of the plasma density and electron temperature. However, the
value of the near-substrate gradient of the neutral gas tem-
perature „Tn was indeed a critical factor that controls the
potential energy profiles within the plasma sheath, as de-
picted in Fig. 7. One can clearly see that the value of „Tn
indeed controls the potential energy profiles both in the
presheath and the sheath areas. Furthermore, if the tempera-
ture gradient exceeds a certain value, the thermophoretic
force can even repel the NPs even in the presheath area thus
moving them away from the substrate. For the conditions of
our experiment s„Tn,10–20°C/cmd, the particles with the
radius of <30 nm have the highest chances to reach the sub-
strate. However, the near-substrate temperature gradients
higher than ,20°C/cm usually exclude most of the nano-
particles from the deposition process.
IV. DISCUSSION
In the above, we have shown that the deposition of the
carbon-based nanoparticles grown in the gas phase of the
low-pressure plasma glow in Ar+H2+CH4 mixture can be
controlled by using the thermophoretic effect. As our com-
putation results suggest, the thermophoretic force appears to
be the main and easily adjustable factor that controls the
dynamics of the NPs in the presheath area.
Specifically, under conditions of the external substrate
heating, this force pushes the powder particles away from the
carbon nanostructures being grown on the catalyzed sub-
strates. However, when the temperature gradient is below a
certain value, the films turn out to be nanostructured due to
the fallout of the NPs through the plasma sheath and their
embedding in the amorphous carbon matrix.
The results of this paper present a compelling, although
not yet conclusive, evidence that the nanoparticles in ques-
tion originate in the gas phase and are further transported to
the substrate. In the two different sets of experiments the
plasma and deposition conditions were very much the same
with some difference in the temperature gradient. It is impor-
tant to note that the difference in the substrate temperature in
the two sets of experiments did not exceed a few tens of
degrees.
Therefore, the chemical reactions both in the ionized gas
phase and on the substrate were going in the same way.
Likewise, the ion flux onto the surface did not change, since
Vs was maintained at the same value in different experi-
ments. There is a possibility that the changes in „Tn could
have affected the neutral fluxes through the dependence of
the diffusion rates on the gas temperature. However, the de-
tailed computations of the species composition and chemical
kinetics21 have revealed that the ion fluxes dominate over the
neutral ones in the discharge of interest here.
The substrate heating can affect the deposition process in
the two ways. First, as we have shown above, it exerts a
thermophoretic drag on the nanosized particles grown in the
ionized gas phase. Second, the extra substrate heating can
lead to the rearrangement of the catalyst layer and thus the
nanostructure growth conditions on the surface. However,
the minor changes in the substrate temperature we have re-
corded in the experiment are clearly not enough to show any
remarkable effect on the process. We thus pinpoint that the
actual difference between the experimental conditions in the
two cases is in the temperature gradient rather than in the
substrate temperature itself. In the case considered, the
threshold value of the temperature gradient that causes the
remarkable changes in the surface morphology (states with
or without NPs on the surface) is <20°C/cm.
Therefore, we are inclined to presume that the thermo-
phoretic barrier established as a result of the external sub-
strate heating favors the self-organization of the carbon
nanofilm to the ordered nanostructured state shown in Fig.
2(a). In other words, the powder particle deposition can be
FIG. 6. The potential energy profiles for Te=2 eV, ne=1011 cm−3, nn
=1014 cm−3, „T=0, mi=40 amu, and different values of particle radius rp.
Solid, dashed, dash-dotted, and dotted, lines correspond to rp=10, 20, 40,
and 50 nm, respectively.
FIG. 7. The potential energy profiles in the presheath (a) and sheath (b) for
rp=40 nm, Te=2 eV, ne=1012 cm−3, nn=1014 cm−3, mi=40 amu and differ-
ent values of the temperature gradient. Solid, dashed, and dotted lines cor-
respond to the gas temperature gradients 50, 0, and −50°C/cm, respectively.
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thermophoretically controlled. This result apparently corre-
lates with the recent report on the threshold values of the
near-substrate temperature gradients that enable one to selec-
tively control the PECVD of the microcrystalline and poly-
morphous (featuring plasma-grown nanoparticles embedded
in the amorphous matrix) silicon films.25 From this point of
view, the disordered nanostructured state in Fig. 2(b), which
also shows the elevated amounts of amorphous carbon in the
films,15 can be termed a carbon analog of the Si-based poly-
morphous films.
Although the evidence of the NP growth in the gas phase
might seem circumstantial, it is nonetheless supported by the
mass spectrometry data that reveal the enhanced abundance
of acetylenic monomers at the power levels the discharge is
sustained. Even though the direct link between the elevated
concentrations of the C2H2 monomers and the homogeneous
nucleation of the powder particles in Ar+CH4 plasmas has
recently been established3,4 and supported by the numerical
simulations,2 further direct experimental evidence of the na-
nopowder gas-phase nucleation and their role in the nanos-
cale assembly of the carbon-based nanostructures14 is ea-
gerly anticipated.
Despite several successful attempts to deposit micropar-
ticles and nanoparticles from low-temperature plasma dis-
charges in the powder-generating regimes,11–13 the actual dy-
namics of the deposition process still remains an unsolved
issue. In this regard, it is vitally important to disclose the
dominant forces that drive the fine particles towards the sub-
strate.
Our numerical results have confirmed that in nearly the
whole near-electrode area the total force on the NP is di-
rected towards the substrate. However, there exists a rela-
tively narrow area within the plasma sheath where the repel-
ling forces dominate thus creating a positive potential barrier
for the particle. The width of this area is controlled by the
balance of the two effects, namely, the strength of the elec-
trostatic repulsion between the negatively charged powder
particle and the substrate on one hand, and a quick depletion
of the electron number density (with respect to the ion den-
sity) within the sheath tending to reverse the equilibrium
charge on the grain on the other one.
Data in Fig. 6 suggest that the momentum gained by the
nanoparticles in the presheath can be enough to enable the
particles of a certain size to pass through the sheath and land
on the substrate. In the case considered here, the 30–50 nm
nanoparticles are the best candidates for this purpose. This is
apparently consistent with the scanning electron micrographs
of the carbon nanofilms in the disordered nanostructured
state revealing that the size of the major part of the NPs in
the film falls within this range. Such a remarkable agreement
between the SEM and numerical results further justifies our
assumption of the collisionless movement of the test par-
ticles in the near-substrate areas.
Nevertheless, this does not automatically exclude the
grains of other sizes from the deposition process. For ex-
ample, stronger ion drag and gravity forces also enable
grains with the radius of a few microns to fall onto the sur-
face. It is remarkable that a few almost spherical agglomer-
ates in this size range have indeed been observed in our
experiments. An example of a typical micronsized particle
deposited on the surface is shown in Fig. 8. The fallout of
micronsized particles is consistent with the earlier theoretical
predictions.18 On the other hand, the delayed charging26 and
other collective charging effects27,28 in the dust cloud are
expected to lower the negative electrostatic charge on the
particles and thus facilitate their landing on the surface.
However, the dust-dust collisions can certainly impede the
deposition process. We can thus speculate that the actual
range of the NPs capable to overcome the near-electrode
potential barrier could be expanded to <10–100 nm.
A special caution should be exercised when the grain
size falls below ,10 nm. In this case, several additional ef-
fects have to be accounted for. Specifically, one has to con-
sider the instantaneous charge fluctuations,29 the quasiconti-
nuity of the electron spectrum,30 as well as the Brownian
force.31 It is also notable that the thermophoretic force is
strong enough to drag the NPs but is clearly too weak to
affect smaller building units (molecules, clusters, etc.).
Therefore, the efficient momentum accumulation in the
presheath enables nanometer-sized particles to pass through
the potential barrier in the near-substrate area and be suc-
cessfully deposited onto the surface. Thus, the “prehistory”
of the fine particle motion in the presheath can be a crucial
factor in the entire deposition process. To this effect, the
width of the presheath area should be carefully estimated.
Above, we have made a plausible guess about lpr, which in
the computations did not exceed 3 cm. However, the gap
between the top surface of the substrate holder and the bot-
tom surface of the quartz window in our experiments ex-
ceeded lpr in almost four times. We thus believe that the
actual length of the presheath can be somewhat longer,
which is even more favorable for the successful nanoparticle
deposition. However, our estimates reveal that for lpr.3 cm
the neutral friction force can strongly counteract the acceler-
ating forces and thus affect the deposition process.
The present work extends the existing theories of the
dust levitation in the near-wall areas 18,19 into the nanometer
domain and by accounting the effect of the thermophoretic
force, the latter being one of the major factors in the PECVD
of carbon nanofilms. We have also shown that the momen-
FIG. 8. SEM image of a typical micronsized particle on the substrate.
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tum gain of the NPs in the presheath can enable them to
overcome the electrostatic potential barrier near the sub-
strate.
In most of the existing experimental techniques with the
temperature controllers the substrate temperature fluctuates
within the preset values and the actual power transfer dy-
namically switches on and off. Here, we have applied a con-
tinuous heating power supply to the substrate instead of us-
ing temperature controllers to maintain Ts constant. This
experimental advance enabled us to control the temperature
gradient, while keeping the substrate heating power fixed.
We emphasize that in our experiments =Tn was controlled by
the heat flux away from the substrate due to thermoconduc-
tivity and depended on the temperature difference between
the substrate and the working gas in the chamber.
Finally, our results, supported by the previous
experimental15,16 and numerical21 data favor the conclusion
that the ordered carbon nanotip arrays are most likely grown
by the atomic/radical units, whereas the gas-phase grown
nanoparticles are the key building blocks of the carbon-based
nanofilms in the disordered nanostructured state.
V. CONCLUSION
In summary, we have demonstrated that the nanopar-
ticles grown in the gas phase of the low-pressure rf plasma
discharge in Ar+H2+CH4 reactive feedstock are the impor-
tant building units of the nanostructured carbon-based films
and their dynamics can be thermophoretically controlled by
varying the heating power supplied to the catalyzed sub-
strate. Furthermore, for the conditions of our experiments,
the thermophoretic force appears to be the most important
force that controls the dynamics, levitation, and fall-through
of the NPs in the combined sheath-presheath area. The abun-
dance of the nanoparticles on the substrate surface correlates
with the elevated concentrations of the acetylene monomer,
which supports the idea that the NPs indeed take their origin
in the discharge bulk and are further transported towards the
surface.
This opens up the challenging possibility to control the
various plasma-assisted nanoassembly processes by adjust-
ing the forces acting on the gas-phase grown building blocks.
Future work should be extended to the in situ diagnostics of
the nanoparticles in the reactor chamber and the develop-
ment of comprehensive numerical models of the reactive
plasma discharge and self-organization of complex ionized
gas structures.
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